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The o b j e c t  of t h i s  p r o j e c t  i s  t o  e v a l u a t e  t h e  o p t i c a l ,  e l e c t r i c a l  and 
m e t a l l u r g i c a l  p r o p e r t i e s  of t h e  GaAs P a l l o y  sys t em.  Among e v a l u a t i o n s  
of p a r t i c u l a r  i n t e r e s t  t o  us  a r e  t h e  i n v e s t i g a t i o n  of t h e  c r y s t a l  s t r u c t u r e  
x 1-x 
and i t s  imper fec t ions  by t h e  Kossel l i n e  technique  and by t h a t  of t h e  l a t t i c e  
abso rp t ion  s p e c t r a  a s  t h e  mole f r a c t i o n  of GaAs, x, v a r i e s  from 0 t o  1. 
R e s u l t s  r epor t ed  l a s t  q u a r t e r  showed t h a t  two r e f l e c t i v i t y  maxima were 
d e t e c t e d  i n  t h e  R e s t s t r a h l e n  band measurement., However, w e  were no t  a b l e  
t o  d e t e c t  a d i s t i n c t  GaAs-like band i n  samples wi th  x less than  0.70 and 
t h e r e f o r e  w e  were unable t o  e s t a b l i s h  t h e  d i r e c t i o n  of t h e  s h i f t  of t h i s  
band wi th  r e s p e c t  t o  x, T h i s  was p a r t i r a l l y  due t o  t h e  in s t rumen ta l  d i f f i -  
c u l t y  of r e s o l v i n g  sma l l  s i g n a l s  from t h e  n o i s e  and from t h e  s t r a y  l i g h t  
i n  t h e  long  wavelength end of  t he  s p e c t r a .  Attempts were made t h i s  q u a r t e r  
t o  o b t a i n  a set  of more r e l i a b l e  and b e t t e r  r e so lved  r e f l e c t i v i t y  s p e c t r a  
-. i n  the r eg ion  OX 2Ui.l to 46~. 
of P r o f e s s o r  W. G.  S p i t z e r  a t  the  U n i v e r s i t y  of Southern  C a l i f o r n i a ,  Data 
w e r e  t aken  on t h e i r  single-beam ins t rument  which i s  b a s i c a l l y  b u i l t  around 
a Perkin-Elmer G r a t i n g  Monochromator o p e r a t i n g  i n  t h e  reg ion  between 7p 
and 45p; t h e  ins t rument  gave a r e s o l u t i o n  and an accuracy b e t t e r  than  
f 1/2 c m - l .  
i r i i s  was acGui:ipliShed LL------L l l r u U g l l  +&- b L * L  b""p"A U I I V . .  
The d a t a  were taken  p o i n t  by p o i n t  u s i n g  a sample-in and sample-out 
method, The r e f l e c t i v i t y  s p e c t r a  a r e  shown i n  Fig.  l a ,  l b ,  and IC f o r  
samples w i t h  va r ious  va lues  of  x. 
w e r e  smal l  i n  a r e a  and t h e  d i s c o n t i n u i t y  i n  t h e  r e f l e c t i v i t y  s p e c t r a  n e a r  
280 c m  was due t o  a change i n  g r a t i n g s .  
Samples of 48 and 67.5 pe rcen t  phosphorus 
-1 
A. DISCUSSION 
1. The Gap-like band appears throughout t h e  e n t i r e  a l l o y  sys t em.  A s  
t h e  mole f r a c t i o n  of phosphorus dec reases ,  t h i s  band s h i f t s  toward longe r  
wavelength (or s m a l l e r  wave number) and d e c r e a s e s  i n  s t r e n g t h .  
2, The GaAs-like band appears on ly  i n  a l l o y s  c o n t a i n i n g  less t h a n  
48 pe rcen t  P. I f  t h e  band of  t he  m i n o r i t y  c o n s t i t u e n t  i s  indeed due t o  
t h e  abso rp t ion  of t h e  v i b r a t i o n  mode of t h a t  c o n s t i t u e n t  i n  t h e  h o s t  l a t t i c e  
of  t h e  m a j o r i t y  c o n s t i t u e n t ,  then t h e  exper imenta l  r e su l t s  agree  wi th  t h e  
2 
t h e o r e t i c a l  p r e d i c t i o n  t h a t  only a l i g h t e r  mass i m p u r i t y  i n  a h e a v i e r  
h o s t  l a t t i c e  g i v e s  c e r t a i n  l o c a l i z e d  modes appear ing  wi th  f r e q u e n c i e s  
above t h e  range  of t h e  unperturbed modes. 
3. Although t h e r e  i s  a tendency f o r  t h e  minimum of t h e  r e f l e c t i v i t y  
l e n g t h  a s  t h e  mole f r a c t i o n  of a r s e n i c  dec reases ,  t h e r e  i s  very l i t t l e  
s h i f t  i n  t h e  R e s t s t r a h l e n  frequency. 
4. The R e s t s t r a h l e n  frequency vs t h e  composition of t h e  a l l o y  i s  
p l o t t e d  i n  F ig .  2 0  The f r equenc ie s  a r e  determined by p i ck ing  t h e  break 
p o i n t  of t h e  r e f l e c t i v i t y  maximum a t  t h e  l o n g e r  wavelength s i d e  i f  t h e  
3 
shape  of t h e  maximum i s  square-topped and by p i ck ing  t h e  frequency of t h e  
peak i f  t h e  shape of t h e  maximum is peaked. Also shown i n  Fig. 2 i s  t h e  
sum of t h o s e  two bands which appear nea r  610 c m  
-1 
A band of such 
- 2 -  
f requency  should appear i n  t h e  abso rp t ion  s p e c t r a  and i t s  s t r e n g t h  should  be 
comparable t o  t h a t  of a two-phonon a b s o r p t i o n  band. T h i s  i s  indeed so, a s  
r epor t ed  l a s t  q u a r t e r  i n  t h a t  a new band i n  t h e  two-phonon abso rp t ion  s p e c t r a  
emerged a t  610 c m  
decreased  a s  t h e  mole f r a c t i o n  of P decreased .  
-1 
f o r  compositions less than  48 pe rcen t  P and i t s  s t r e n g t h  
B. THEORETICAL CONSIDERATIONS 
I n  pu re  m a t e r i a l  a c l a s s i c a l  t r ea tmen t  of t h e  R e s t s t r a h l e n  band g ives  
4 f a i r l y  d i r e c t  in format ion  about o p t i c a l l y  ackive  phonons of z e r o  wave vec to r .  
A s i m i l a r  t r ea tmen t  i s  t r i e d  h e r e  for o u r  a l l o y  s y s t e m .  Three k inds  of 
atoms a r e  involved i n  t h e  a l l o y ;  ga l l ium atoms a r e  l o c a t e d  a t  one of t h e  
two face-centered  cub ic  s u b l a t t i c e s  of t h e  z inc-b lende  s t r u c t u r e ,  w h i l e  
a r s e n i c  and phosphorus atoms a r e  d i s t r i b u t e d  randomly i n  t h e  o t h e r  f ace -  
c e n t e r e d  cub ic  s u b l a t t i c e  a s  f a r  a s  t h e  long  wavelength c l a s s i c a l  approach 
is  concerned. The equa t ions  of motion for t h e s e  atoms can be desc r ibed  
a s  fo l lows:  
where t h e  s u b s c r i p t s  a, b, and c r e p r e s e n t  P, A s ,  and Ga atoms r e s p e c t i v e l y ,  
U ' s  a r e  t h e  d isp lacements ,  m i ' s  a r e  t h e  masses, x i s  t h e  mole f r a c t i o n  of i 
A s ,  a and @ a r e  r e s p e c t i v e l y  t h e  f o r c e  c o n s t a n t s  between Ga and P and 
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between Ga and As a s  f irst  n e a r e s t  ne ighbors  and r( i s  t h e  f o r c e  c o n s t a n t  
between As and P a s  second n e a r e s t  ne ighbors .  
The assumptions made a r e  t h e  following: 
1. The two s u b l a t t i c e s  v i b r a t e  a g a i n s t  each o t h e r  i n  t h e  o p t i c a l  
phonon mode a s  i n  pure  m a t e r i a l .  
2. F i r s t  n e a r e s t  ne ighbor  f o r c e s  a r e  cons idered;  t h e  on ly  second 
n e a r e s t  neighbor f o r c e  cons idered  i s  t h e  f o r c e  between As and P. 
3. L e t  a, B ,  y be represented  by K,  t hen  
K = K~ (1 - ex) (4) 
1 
where 8 i s  determined by Griineisen’s R e l a t i o n ;  
change i n  t h e  b inding  s t r e n g t h  as t h e  l a t t i c e  c o n s t a n t  i s  changed from 
t h a t  of GaP (x = 0 )  t o  t h a t  of GaAs (x = 1.0). 8 i s  found t o  be 0.216 
f o r  pure  GaP and t h i s  va lue  i s  used. 
t h i s  cor responds  t o  t h e  
1 
I n  t h e  c a s e  of s i n u s o i d a l  v i b r a t i o n ,  t h e  frequency u) i s  determined 
by t h e  fo l lowing  equat ion:  
(1 - x) a 2 m u) -(I - 
C 
x) a - XB 
2 
T h i s  g i v e s  a t r i v i a l  s o l u t i o n  of u) = 0 f o r  a l l  va lues  of x between 0 and 
1.0, which is  j u s t  t h e  motion of t h e  c r y s t a l  a s  a r i g i d  body. The follow- 
i n g  s o l u t i o n s  a r e  ob ta ined  f o r  t h e  extreme c a s e s  of x = 0 and x = 1.0: 
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f o r  x = 0, 
m 
a (1 + -). 2 O10 a = - -  
m _.. a 
Bo + lo 
or = 
b 
m 
Data p o i n t s  correspond t o  E q s .  6, 8 and 9 a r e  picked t o  de te rmine  a0, 
Bo, To, and t h e  r e s u l t i n g  va lues  a r e  
. = 1. IC A IU gm cm ' '1, U = CoUU A IU MI1 CIII - 0 
The dashed curves  i n  Fig.  2 a r e  t h e  c a l c u l a t e d  r e s u l t s  from Eq.  5 us ing  
t h e  above c o n s t a n t s  and, a s  can be  seen, t h e y  g i v e  an exceedingly  good f i t .  
The model proposed he re ,  though based on s imple  f i r s t  p r i n c i p l e s ,  
is p h y s i c a l l y  sound, for i t  t akes  i n t o  account t h r e e  important p o i n t s  
1) 
approach, 2) 
between n u c l e i  i s  considered, and 3) a f o r c e  c o n s t a n t  between As and P i s  
in t roduced  a s  an i n t e r a c t i o n  term i n  t h e a l l o y ;  t h i s  f o r c e  cons t an t  a t  
extreme va lues  of x i s  sha red  by twelve second n e a r e s t  ne ighbors ,  t h u s  
making i t  very smal l  compared to  t h e  f o r c e  c o n s t a n t  i nvo lv ing  n e a r e s t  neigh- 
bors. T h i s  model i s  t h u s  favored over  t h a t  d i s c u s s e d  l a s t  q u a r t e r  where o n l y  
t h e  e f f e c t  of change i n  l a t t i c e  c o n s t a n t  on t h e  b ind ing  f o r c e  between 
t h e  As and P atoms a r e  d i s t r i b u t e d  "randomly:' i n  t h e  long  w a v e i e i i g t h  
t h e  e f f e c t  of change i n  l a t t i c e  c o n s t a n t  on t h e  b inding  f o r c e  
- 5 -  
n u c l e i  was cons idered .  
W e  wish t o  thank P r o f e s s o r  W. Shockley for impor tan t  c o n t r i b u t i o n s  
t o  t h e  t h e o r e t i c a l  d i s c u s s i o n  given above. 
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FIGLTtE CAPTIONS 
Fig. la, b, c Reflectivity spectra of GaAs P alloy samples in 
x 1-x 
Reststrahlen band region., 
Reststrahlen frequency vs composition. Fig. 2 
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PROJECT 5109: EPITAXIAL GROWTH OF 1 1 1 - V  SEMICONDUCTOR COUPOUNDS 
Na t iona l  Aeronautics and Space Adminis t ra t ion  
G r a n t  NsG-555 
P r o j e c t  Leader: G. L .  Pearson 
S t a f f :  D. H. Loescher 
The purpose of t h i s  p r o j e c t  is t o  s tudy  t h e  chemical)  e l e c t r i c a l  
and o p t i c a l  p r o p e r t i e s  of c o b a l t  as an impur i ty  i n  ga l l i um phosphide. 
The thermodynamic p r o p e r t i e s  of t e r n a r y  s y s t e m s  c o n s i s t i n g  of GaAs or 
GaP and an added impur i ty  are a l s o  under i n v e s t i g a t i o n .  
A.  INTRODUCTION 
T h i s  s t u d y  of c o b a l t  i m p u r i t i e s  i n  GaP n a t u r a l l y  d i v i d e s  i t s e l f  i n t o  
t h r e e  p a r t s .  P a r t  one i s  t h e  production of s i n g l e  c r y s t a l s  of GaP; work 
on t h i s  p a r t  was r epor t ed  i n  t h e  l a s t  q u a r t e r l y  review. P a r t  two is  t h e  
d i f f u s i o n  of r a d i o a c t i v e  Co i n t o  GaP i n  o r d e r  t o  de te rmine  t h e  d i f f u s i o n  
p r o f i l e  and s o l u b i l i t y  of Co i n  Gap; work on t h i s  p a r t  i s  r e p o r t e d  below. 
P a r t  t h r e e ,  on which no exper imenta l  work has  y e t  been done, i s  t h e  measure- 
ment of t h e  o p t i c a l  and e l e c t r i c a l  p r o p e r t i e s  of Co doped Gap. 
During t h e  q u a r t e r  covered ~y i i i l a  rep9z-t a series of d i f f u s i o n s  of 
r a d i o a c t i v e  Co i n t o  ga l l i um phosphide was done. The d i f f u s i o n  p r o f i l e  
and s o l u b i l i t y  of C o  i n  Gap have been determined f o r  a number of d i f f e r e n t  
d i f f u s i o n  t i m e s  and temperatures.  
The method used t o  measure t h e  s o l u b i l i t y  and d i f f u s i o n  p r o f i l e  a r e  
d i s c u s s e d  i n  s e c t i o n  B below. The r e s u l t s  of t h e  d i f f u s i o n  and a d i s -  
c u s s i o n  of t h e  r e s u l t s  a r e  repor ted  i n  s e c t i o n s  C and D r e s p e c t i v e l y .  
B. MPERIMEXI'AL METHOD 
There  a r e  t h r e e  p a r t s  t o  t h e  Co r a d i o - t r a c e r  d i f f u s i o n  experiment.  
The f i r s t  p a r t  c o n s i s t s  of evapora t ing  r a d i o - t r a c e r  Co o n t o  t h e  s u r f a c e  of 
t h e  GaP c r y s t a l .  Secondly, t h e  c r y s t a l  is  s e a l e d  i n  an evacua ted  ampoule 
w i t h  a smal l  q u a n t i t y  of phosphorus a f t e r  which t h e  c r y s t a l  and ampoule a r e  
p laced  i n  a h igh  tempera ture  furnace .  F i n a l l y ,  a d i s c  i s  c u t  from t h e  
d i f f u s e d  c r y s t a l  and t h e  d i s t r i b u t i o n  of Co i n  t h e  d i s c  i s  determined by 
r a d i o a c t i v e  count ing  techniques .  These t h r e e  p a r t s  of t h e  d i f f u s i o n  ex- 
periment a r e  d i scussed  i n  d e t a i l  below. 
I n  o r d e r  t o  prevent  t h e  decomposition of t h e  GaP t h e  Co d i f f u s i o n s  
a r e  done i n  s e a l e d  evacuated ampoules. S ince  t h e  vapor p r e s s u r e  of Co i s  
n e g l i g i b l e  a t  t h e  d i f f u s i o n  tempera tures  i t  i s  n o t  p o s s i b l e  t o  simply 
s e a l  a small p i e c e  of Co i n t o  t h e  ampoule wi th  t h e  sample. I t  i s  
necessa ry  t o  e i t h e r  p l a t e  or evapora te  a l a y e r  of C o  on to  t h e  s u r f a c e  of 
t h e  c r y s t a l  be fo re  s e a l i n g  t h e  c r y s t a l  i n t o  t h e  ampoule. A l a y e r  of Co 
558 t h i c k  i s  needed t o  uniformly dope a 20 m i l  t h i c k  c r y s t a l  w i t h  10 18 
c o b a i i  p s ~  22. . Gxperiments showed t h a t  Co could n e i t h e r  be  e l e c t r o -  
l e s s l y  depos i t ed  no r  e a s i l y  e l e c t r i a l l y  deposiked o n t o  GaP c r y s t a l s .  
F u r t h e r  experiments showed t h a t  Co could be p l a t e d  o n t o  a tan ta lum w i r e  
evapora t ion  f i l amen t  which could then  be used t o  put  an evapora ted  l a y e r  
of r a d i o  t r a c e r  Co o n t o  t h e  c r y s t a l s .  The major problem was o b t a i n i n g  
e l e c t r o p l a t e d  l a y e r s  which adhered t o  t h e  evapora t ion  f i l a m e n t  
The r a d i o  t r a c e r  Co was ob ta ined  from New England Nuclear Corpora t ion  
60 
a s  Co w i t h  a s p e c i f i c  a c t i v i t y  of 319 c u r i e s  p e r  gram d i s s o l v e d  i n  
2.24 ml of 1.4 N HC& s o l u t i o n .  The s o l u t i o n  con ta ined  a t o t a l  of 
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-7 60 
2.96 X 10 moles of C o  I n  order  t o  o b t a i n  a p l a t i n g  s o l u t i o E  I t  w a s  
necessa ry  t o  add non- rad ioac t ive  Co t o  t h e  s o l u t i o n  and t o  reduca t h e  pH 
of t h e  s o l u t i o n .  Nine normal KOH was chosen t o  reduce  t h e  a c i d i t y  of t h e  
s o l u t i o n  so  t h a t  t h e  a c i d i t y  could be  reduced without s u b s t a n t i a l l y  in -  
c r e a s i n g  t h e  volume of s o l u t i o n .  The Co  con ten t  of t h e  s o l u t i o n  was i n -  
c r eased  by adding enough CoCt2  
was 495. 
s t r o n g  base  i s  added, a number of t r i a l  s o l u t i o n s  w e r e  made t o  de termine  
e x a c t l y  t h e  amount of KOH needed t o  b r i n g  t h e  s o l u t i o n  t o  a pB near 7. 
The f i n a l  s o l u t i o n  was brought t o  a pH of about 7 w i t h  KOH and then  
bu f fe red  wi th  b o r i c  ac id  a t  a pH of 5 (60Oc). 
of t h e  p l a t i n g  s o l u t i o n  i s  l i s t e d  below: 
60 6 ~ , 0  so t h a t  t h e  r a t i o  of C O ’ ~  t o  eo  - 
Since  t h e  pH of an acid s o l u t i o n  changes ve ry  qu ick ly  when a 
The f i n a l  composition 
-4 
1,16 x 10 molar 60 co 
59 60 
-2 
5.73 x 10 molar 
Kf 1.14 molar 
B O  0 294 molar 
0 
2 3  
T o t a l  voiullld I,1L ml. U s e  a t  60 c ,  
The experiment showed t h a t  s o l u t i o n s  c o n t a i n i n g  less Co d i d  not p l a t e  w e l l .  
I n  f a c t ,  t h e  major l i m i t a t i o n  of t h i s  method of p l a t i n g  a w i r e  and then  
evapora t ing  o n t o  a c r y s t a l  i s  t h a t  t h e  s p e c i f i c  a c t i v i t y  of t h e  r a d i o  
t r a c e r  must be  reduced i n  order  t o  o b t a i n  a workable p l a t i n g  s o l u t i o n .  
On t h e  o t h e r  hand, t h e  method should be a p p l i c a b l e  t o  most ot t h e  r a d i o  
t r a c e r s  a v a i l a b l e  i n  s o l u t i o n .  The Co is  p l a t e d  onto  tan ta lum because 
t h e  e l e c t r o p l a t e  would no t  adhere t o  tungs ten .  
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The ca thode  e f f i c i e n c y  of t h e  p l a t i n g  s o l u t i o n  has  been determined. 
++ +-I-+ 
While Co can be i n  s o l u t i o n  i n  e i t h e r  t h e  form Co or t h e  form Co  , 
t h e  lower o x i d a t i o n  s ta te ,  Co , is  more common. Assuming t h a t  t h e  Co 
i n  t h e  s o l u t i o n  i s  t h e  form C o  , t h e  ca thode  r e a c t i o n s  are! 
-I-+ 
-I-+ 
- ++ 
Co + 2 e -t Co and 
K -I- e + K  
2 K  + C o  -, Co + 2 K  . 
- + 
++ -I- 
I n  e i t h e r  c a s e  two e l e c t r o n s  a re  r e q u i r e d  t o  d e p o s i t  one Co atom, T h i s  
l e a d s  t o  an i d e a l  p l a t i n g  r a t e  of 18.3 micrograms of C o  pe r  mill imp-Kiln.  
The r e s u l t s  of p l a t i n g  f o u r  0.010 tan ta lum wires a t  a c u r r e n t  of 1 
mi l l iamp a r e  shown i n  F ig .  1. The s o l i d  l i n e  cor responds  t o  t h e  i d e a l  
r a t e  of 18.3 pg/min and t h e  dash and t h e  d o t t e d  l i n e  correspond t o  a 
r a t e  of 16.5 pg/min. The l a t t e r  r a t e  cor responds  t o  a ca thode  e f f i c i e n c y  
of 90% which seems q u i t e  good c o n s i d e r i n g  t h e  very smal l  amount of C o  
i n  t h e  p l a t i n g  s o l u t i o n .  I t  is p o s s i b l e  t h a t  some C o  oxide  i s  p l a t i n g  
ou t  and t h a t  t h e  weight of t h e  d e p o s i t  does ilct zcccx-itply measure t h e  
amount of Co t r a n s f e r r e d .  However, s i n c e  any ox ide  formed d u r i n g  p l a t i n g  
i s  decomposed when t h e  p l a t i n g  i s  evapora ted  from a f i l a m e n t ,  t h e  
d e p o s i t i o n  of some Co  ox ide  does a f f e c t  t h e  u l t i m a t e  u t i l i t y  of t h e  p l a t -  
i n g .  To summarize, C o  can be p l a t e d  on to  tan ta lum f i l a m e n t s  from a 
60 
s o l u t i o n  prepared  from a commercially a v a i l a b l e  s o l u t i o n  of eo i n  HC'!,.
A f t e r  t h e  r a d i o  t r a c e r  C o  has  been p l a t e d  o n t o  t h e  f i l a m e n t ,  t h e  Co 
i s  evapora ted  on to  a cleaned and po l i shed  GaP c r y s t a l .  The c r y s t a l s  a r e  
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f i r s t  lapped us ing  3200 g r i t  ab ras ive  and then  po l i shed  u s i n g  Lifide A ,  
A f t e r  p o l i s h i n g  t h e  c r y s t a l s  a r e  c u t ,  then soaked i n  warm KCN (lo% 
s o l u t i o n ) ,  and f i n a l l y  washed i n  de ionized  water  and a l coho l ,  
a r e  then  put i n t o  a smal l  demountable vacuum chamber w i t h  t h e  evapora t ion  
f i l amen t .  A f t e r  t h e  chamber i s  evacuated t o  about 10 t o r r  t h e  f i l amen t  
i s  hea ted  t o  a tempera ture  of about 1900 C and he ld  a t  t h a t  t e m p w a t u r e  
f o r  t h i r t y  seconds. Measurments of t h e  r a d i o a c t i v i t y  of t h e  f i l a m e n t ,  
a f t e r  i t  was f i r e d ,  have shown t h a t  1900 C f o r  t h i r t y  seconds i s  adequate 
t o  evapora t e  a l l  of t h e  C o  o r i g i n a l l y  on t h e  f i l amen t .  A f t e r  t h e  ebapo- 
r a t i o n ,  t h e  sample i s  ready  t o  be s e a l e d  i n t o  a d i f f u s i o n  ampoule. 
The c r y s t a l s  
-6 
0 
0 
The d i f f u s i o n  i s  done by p l ac ing  an ampoule c o n t a i n i n g  t h e  c r y s t a l  
and a sma l l  q u a n t i t y  of phosphorus i n t o  a high tempera ture  fu rnace ,  The 
phosphorus i s  put i n t o  t h e  ampoule t o  h e l p  prevent  t h e  decomposition of 
t h e  GaP and t o  f i x  t h e  compositions of t h e  chemical phases i n  t h e  ampoule, 
T h i s  l a s t  p o i n t  is  e s s e n t i a l  i n  t h e  i n t e r p r e t a t i o n  of t h e  exper imenta l  
d a t a .  Using t h e  Gibb ' s  phase  r u l e ,  i f  t h e r e  a r e  t h r e e  phases i n  equi -  
l i b r i u m  d u r i n g  t h e  d i f f u s i o n ;  a gas  phase, a s o l i d  s o l u t i o n  of (lo i n  
Gap, and one ot t n e  c v b a i t  p k c p h i d e s ,  then  t h e r e  a r e  two degrees  of 
freedom., One degree  of freedom i s  removed when t h e  tempera ture  i s  
f i x e d  a t  t h e  d i f f u s i o n  temperature.  S ince  t h e r e  i s  s t i l l  one degree  
of freedome l e f t ,  i t  i s  necessary  t o  s p e c i f y  e i t h e r  t h e  p r e s s u r e  or t h e  
composition of o n e  of t h e  phases i n  o r d e r  t o  completely s p e c i f y  t h e  
s y s t e m .  However, because t h e  ampoule r e p r e s e n t s  a c losed  s y s t e m ,  t h e  
Duhem phase r u l e  s t a t e s  t h a t  t h e r e  i s  a t o t a l  of two e x t r i n s i c  and 
i n t r i n s i c  degrees  of freedom. I n  a d i f f u s i o n  experiment i n  a s e a l e d  
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ampoule t h e s e  degrees  of freedom a r e  au tomat i ca l ly  removed when t h e  
tempera ture ,  an i n t r i n s i c  varkahle,  and t h e  volume, an e x t r i n s i c  v a r i a b l e  
a r e  f i x e d .  T h i s  means t h a t  one w i l l  always o b t a i n  t h e  same s o l u b i l i t y  
of Co i n  GaP i f  i n  each experiment t h e  same s i z e  c r y s t a l  and t h e  same 
amount of Co a r e  put  i n t o  an ampoule of t h e  same volume. However, i f  t h e  
r e l a t i o n  between sample s ize  and volume i s  changed, perhaps i n  going from 
a l a b o r a t o r y  experiment t o  a l a r g e  s c a l e  i n d u s t r i a l  p rocess ,  then  t h e  
apparent  s o l u b i l i t y  of C o  w i l l  change. The e a s i e s t  way t o  avoid t h i s  
dependence of t h e  Co  s o l u b i l i t y  on ampoule volume i s  t o  s p e c i f y  t h e  
equ i l ib r ium cond i t ions  by a choice  of two i n t r i n s i c  v a r i a b l e s .  The most 
convenient  i n t r i n s i c  v a r i a b l e s  a r e  t h e  temperature and t h e  p r e s s u r e ,  The 
p r e s s u r e  is f i x e d  by adding an amount of phosphorus, w e l l  i n  excess  of 
t h e  amount which could r e a c t  with t h e  C o  p r e s e n t ,  t o  t h e  ampoule. E v e r )  
experiment t o  measure t h e  s o l u b i l i t y  of Co w i l l  y i e l d  t h e  same r e s u l t  i f  
t h e  phosphorus p re s su re ,  assuming t h a t  phosphorus i s  t h e  on ly  c o n s t i t u e n t  
of t h e  gas  phase, and t h e  tempera ture  a r e  t h e  same. Consequently, so lu-  
b i l i t y  measurements a r e  most u se fu l  i f  t h e  tempera ture  arid t h e  p r e s s u r e  
a t  which t h e  s o l u b i l i t y  was e s i a b l i z h s d  ?re given ,  
The ampouleslused i n  t h e  experiments t o  be desc r ibed  h e r e  were made 
from 4 mm bore  Englehard S u p r a s i l  or Thermal Synd ica t e  S u p r a s i l  qua r t z .  
A q u a r t z  p lug  was put  i n t o  t h e  ampoule t o  reduce  t h e  volume a s  much a s  
p o s s i b l e .  A f t e r  s e a l i n g ,  t h e  f r e e  volume i n  a t y p i c a l  ampoule was about 
0.1 cc. The phosphorus p re s su re  i n s i d e  a 0.1 cc ampoule con ta in ing  
loop grams of phosphorus, t h i s  i s  t h e  amount used i n  our experiments,  
i s  shown a s  a f u n c t i o n  of temperature i n  F ig .  2 ,  The f i g u r e ,  which g ives  
- 6 -  
t h e  p r e s s u r e  due t o  t h e  form P4, t h e  form P 
shows t h a t  t h e  p r e s s u r e  i n  t h e  ampoule i s  e s s e n t i a l l y  c o n s t a n t  over  t h e  
temperature  range 1000 K - 1500°K. 
h e a t i n g  of t h e  sample i n  a h igh  temperature  f u r n a c e  and f i n a l l y  quenching 
and t h e  t o t a l  p ressure ,  
2 
0 
The f i n a l  s t e p s  i n  a d i f f u s i o n  a r e  t h e  
a f t e r  t h e  d i f f u s i o n  i s  complete. The sample is  quenched so  t h a t  t h e  
d i f f u s i o n  t i m e  can be e a s i l y  and a c c u r a t e l y  determined. 
A f t e r  a c r y s t a l  i s  removed from t h e  d i f f u s i o n  ampoule i t  is  r i n s e d  
i n  a d i l u t e  HNO s o l u t i o n  t o  remove any C o  which might be  on t h e  s u r f a c e ,  
A f t e r  t h e  r i n s e  one or more 0.10 i n c h  d i s c s  a r e  c u t  from t h e  sample w i t h  
3 
an u l t r a s o n i c  c u t t e r .  The d i s c  i s  mounted i n  a p r e c i s i o n  lapping  machine 
and t h i n  l a y e r s ,  between one ha l f  and f o r t y  microns,  a r e  removed from i t ,  
The amount of m a t e r i a l  removed is  determined by weighing t h e  d i s c  b e f o r e  
and a f t e r  lapping.  The Co c o n c e n t r a t i o n  i n  a l a y e r  lapped from t h e  d i s c  
i s  determined from a measurement of  t h e  @ a c t i v i t y  of t h e  alumina p l a t s  
on which t h e  d i s c  was lapped. 
The C o  c o n c e n t r a t i o n  i s  c a l c u l a t e d  from t h e  a c t i v i t y  of t h e  d i s c  
i n  t h e  fo l lowing  way. Le t  c be t h e  number of counts  p e r  minute measured 
by t h e  counter ,  minus ilia 5zckEround, when a l a y e r  weighing h grams h a s  
been lapped from t h e  d i s c .  An independent measurement us ing  a C o  
s tandard  shows t h a t  t h e  r a t i o  of  counts  t o  C o  decays i s  0.17. 
Then 
49 
60 
and t h e  t o t a l  C o  concent ra t ion  i s  given 
by 
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i s  t h e  d e n s i t y  of GaP (4.13 grams pe r  c c ) ,  I n  t h e  expres s ions  above, 
[Co] i s  t h e  C o  c o n c e n t r a t i o n  measured i n  atoms per cc, and K i s  a cons t an t  
'G aP 
60 
r e l a t e d  t o  t h e  h a l f  l i f e  of C o  A f t e r  i n s e r t i n g  t h e  v a l u e  of K t h e  
expres s ion  i s  
7.95 x l0loc atoms [co] = - 0  
AI! cc c 3) 
A s t r a i g h t f o r w a r d  c a l c u l a t i o n  g ives  t h e  th i ckness ,  t ,  of t h e  l a y e r  
removed a s  
t = 4.92 ho (cm). 
The Co  d i f f u s i o n  p r o f i l e  i s  cons t ruc t ed  by i n s e r t i n g  t h e  measured va lues  
of Au and c i n t o  t h e  formulas given above. I n  F ig .  3 t h r e e  t y p i c a l  C o  
d i f f u s i o n  p r o f i l e s  a r e  shown. 
C. RESULTS OF DIFFUSION EXPERIMENTS 
The r e s u l t s  of t h e  d i f f u s i o n  experiments a r e  b e s t  understood by 
---C---ino. I * - - - D  t o  F igs .  3, 4, and 5 0  Fig .  3 shows t h e  r e s u l t s  of h e a t i n g  f o r  
24 hours  a Co  evapora ted  GaP c r y s t a l  which had a room Temperarule czi-rier 
c o n c e n t r a t i o n  due t o  s u l f u r  doping of 1,6 X 10 
f i g u r e  shows t h a t  t h e  p r o f i l e s  f o r  t h e  1015 C and 1117 C d i f f u -  a ions  
c o n s i s t  of a narrow reg ion  near  t h e  f r o n t  s u r f a c e  of t h e  c r y s t a l  i n  
18 
c a r r i e r s  p e r  cc ,  I h e  
0 0 
which t h e  Co c o n c e n t r a t i o n  decreases  r a p i d l y  followed by a reg ion  of near- 
l y  cons t an t  C o  concen t r a t ion .  I n  t h e  c a s e  of t h e  915 6 d i f f u s i o n  t h e  
C o  c o n c e n t r a t i o n  f a l l s  r a p i d l y  nea r  t h e  s u r f a c e  and then  con t inues  t o  vary 
0 
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'. 
f o r  another  100 microns be fo re  t h e  p r o f i l e  becomes f l a t .  The i n i t l a l  
s h a r p  f a l l  i n  t h e  p r o f i l e s  i s  probably a m a n i f e s t a t i o n  of t h e  presence  
of a phosphide of c o b a l t  on t h e  s u r f a c e  of t h e  d i f f u s e d  d i s c .  Because 
t h e  d i s c  is no t  lapped a b s o l u t e l y  p a r a l l e l  t o  t h e  C o  evaporated f a c e ,  
t h e  presence  of a l a y e r  of h igh  Co  c o n c e n t r a t i o n  on t h e  s u r f a c e  g i v e s  
r ise t o  a r eg ion  of appa ren t ly  r a p i d l y  d e c r e a s i n g  concen t r a t ion .  The 
lOl5 C and l l U 7  C p r o f i l e s  suggest t h a t  t h e  C o  concen t r a t ion  has  reached 
t h e  l i m i t  set  by t h e  s o l u b i l i t y  of c o b a l t .  More d a t a  i s  needed t o  
p rope r ly  i n t e r p r e t  t h e  915 C p r o f i l e .  
0 0 
0 
0 
I n  F ig .  4, t h e  r e s u l t s  of loll5 C d i f f u s i o n s  f o r  7, 2 h j  and 49 hours  
a r e  p l o t t e d  on t h e  same graph. All of t h e  c r y s t a l s  were c u t  from t h e  
same e p i t a x i a l  s l i c e  a s  t h e  c r y s t a l s  mentioned i n  r e f e r e n c e  t o  P ig ,  3. 
The f i g u r e  shows t h a t  t h e  p r o f i l e  h a s  reached i t s  f i n a l  shape a f t e r  seven 
hours  of d i f f u s i o n .  T h i s  d a t a  s u p p o r t s  t h e  conclus ion  t h a t  t h e  p r o f i l e s  
i n  Fig.  3 r e p r e s e n t  t h e  s o l u b i l i t y  of Co i n  Gap. The f i g u r e  a l s o  shows 
t h e  spread  i n  t h e  d a t a  from which t h e  p r o f i l e s  were c o n s t r u c t e d ,  The 
l i n e  h a s  been drawn through t h e  24-hour d a t a  because t h e r e  was t h e  l e a s t  
speii6 iz those exper imenta l  p o i n t s .  D i f fus ion  p r o f i l e s  resembling t h o s e  
shown i n  F igs .  3 and 4 have a l s o  been measured i n  l i g h t l y  s u i r u r  2c~,cul 
m a t e r i  a1  
The r e s u l t s  of t h e  d i f f u s i o n s  i n t o  t h e  h e a v i l y  s u l f u r  doped GaP 
18 (1.7 X 10 c a r r i e r s / c c )  a r e  shown aga in  i n  F ig .  5 0  I n  t h i s  f i g u r e  
t h e  Co  c o n c e n t r a t i o n  100 microns below t h e  s u r f a c e  i s  p l o t t e d  as  a 
f u n c t i o n  of t h e  r e c i p r o c a l  d i f f u s i o n  temperature.  The C O  c o n c e n t r a t i o n  
100 microns below t h e  s u r f a c e  of l i g h t l y  s u l f u r  doped (7 X 10 
samples i s  a l s o  p l o t t e d  i n  t h i s  f i g u r e .  I t  is  seen t h a t  a l l  of t h e  d a t a  
16 
c a r r i e r s / c c )  
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from t h e  h e a v i l y  doped sample and t h e  120OoC d a t a  from t h e  l i g h t l y  doped 
sample l i e  on a s i n g l e  s t r a i g h t  l i n e .  However, t h e  1117 C and 1160 C 
d a t a  f o r  t h e  l i g h t l y  doped sample l i e  w e l l  below t h e  l i n e .  
0 0 
D. DISCUSSION 
Thermodynamics can be  appl ied  t o  t h e  a n a l y s i s  of t h e  r e s u l t s  of a 
d i f f u s i o n  which has  cont inued  long enough f o r  equ i l ib r ium t o  be e s t a b l i s h -  
ed among t h e  phases i n  t h e  ampoule. The f l a t  d i f f u s i o n  p r o f i l e s  shown 
i n  F igs .  3 and 4 sugges t  t h a t  equ i l ib r ium was e s t a b l i s h e d  du r ing  t h e  
d i f f u s i o n .  P a r t i c u l a r l y ,  t h e  p r o f i l e s  sugges t  an equ i l ib r ium between a 
phosphide of Co, l e t  us  say  COP,, a Gap-Co s o l i d  s o l u t i o n  and a gas phase,  
S i n c e  a s t r a i g h t  l i n e  can be drawn through a number of t h e  s o l u b i l i t i e s  
i n  Fig.  5 t h e r e  i s  a tendency t o  argue t h a t  
0 b [COI = [CO 1 exp (- s;?) 
and t o  i d e n t i f y  b w i t h  an en tha lpy  of s o l u t i o n .  
concen t r a t ion ,  T i s  t h e  abso lu te  tempera ture  and k i s  Boltzmann's 
cons t an t .  'If t h e  Co l i e s  s o l e l y  on i n t e r s i i c i z l  s i tes so  t h a t  t h e  s o l i d  
s o l u t i o n  a c c u r a t e l y  c o n s i s t s  of a s o l u t e ,  Co, d i s so lved  i n  a s o l v e n t ,  
Gap, then  s imple  thermodynamical arguments show t h a t  f o r  smal l  cobalt, 
c o n c e n t r a t i o n s  t h e  concen t r a t ion  should obey Eq. (4) .  I f ,  on t h e  o t h e r  
hand, any of t h e  C o  i s  on s u b s t i t u t i o n a l  s i tes ,  then  t h e r e  i s  no s imple  
Here [Co] i s  t h e  C o  
phys i ca l  i n t e r p r e t a t i o n  of t h e  cons t an t  b o  S ince  w e  expect t h a t  some 
of t h e  Co is  on s u b s t i t u t i o n a l  s i tes,  w e  do n o t  i n t e r p r e t  b a s  an en tha lpy  
of s o l u t i o n .  The f l a t  d i f f u s i o n  p r o f i l e s  sugges t  t h a t  t h e  c o b a l t  may be 
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r a p i d l y  d i f f u s i n g  i n t e r s t i t i a l l y  and then  moving onto  s u b s t i t u t i o n a l  
s i tes .  A t  t h i s  t i m e  t h e  on ly  evidence t o  suppor t  t h i s  view i s  t h e  
r a p i d  d i f f u s i o n  through t h e  c r y s t a l .  
The e r r o r  i n  t h e  measured concen t r a t ion  must be c a l c u l a t e d  i f  t h e  
d a t a  i s  t o  be  meaningful As was mentioned e a r l i e r ,  t h e  fo rmula t ion  of a 
working C o  p l a t i n g  s o l u t i o n  requi red  t h e  a d d i t i o n  of C J 9  u n t i l  t h e  r a t i o  
of C o  
a d i f f u s i o n  is not  r a d i o a c t i v e  and hence does no t  a f f e c t  t h e  f3 coun te r .  
T h i s  means t h a t  t h e  a c t i v i t y  of a t h i n  l a y e r  lapped from a d i f f u s e d  d i s c  
i s  very l o w  and t h a t  t h e  counting e r r o r  i s  q u i t e  l a r g e .  For example, i n  
a p a r t i c u l a r  l a p  7511 grams, which i s  average f o r  o u r  experiment, a r e  
removed and then  counted t o  y i e ld  60 counts  pe r  minute. 
i s  20 f 3 counts  pe r  minute. Hence t h e  c o r r e c t e d  count ing  r a t e  i s  
60 - (20 f 3 )  o r  40 f 3. Taking one s t anda rd  d e v i a t i o n  a t  40 g i v e s  
40 f 9 coun t s  as t h e  probable  range f o r  t h e  number of coun t s ;  i.e., 
a probable  e r r o r  of around f 22%. 
From Eq. (3) w e  o b t a i n  
60 
t o  Co5' was 495. As a r e s u l t  most of t h e  C o  i n  t h e  sample a f t e r  
The background 
16 
CCOI = 3.2 X 10 f 22$, 
f o r  c = 40 f 9 coun t s  per  minute. 
S i m i l a r  c a l c u l a t i o n s  show t h a t  t h e  probable  e r r o r  f o r  a number of 
va lues  of [eo] i s  about: 
- 11 - 
CCOI e r r o r  -
a x 10l5 60% 
3 x 10 l6 & 23% 
3 x 10 l7 f a$ 
A c o n s e r v a t i v e  e s t i m a t e  of  3$ f o r  t h e  e r r o r  i n  hu and i n  t h e  q u a n t i t i e s  
used t o  determine t h e  c o n s t a n t  5095 X lo1' has  been inc luded  i n  t h e  
e r r o r s  l i s t e d  above. Because t h e  probable  error i n  any one measurement 
of t h e  c o n c e n t r a t i o n  i s  q u i t e  l a r g e ,  no at tempt  has  been made t o  f i t  a 
curve  through every  measured point .  I n s t e a d  t h e  d i f f u s i o n  p r o f i l e s  have 
been c o n s t r u c t e d  by drawing a smooth curve  through t h e  c e n t e r  of t h e  
d i s t r i b u t i o n  of t h e  d a t a  po in t s .  The spread i n  t h e  d a t a  and t h e  r e s u l t  
of f i t t i n g  a s i n g l e  smooth curve t o  t h e  d a t a  a r e  shown i n  F i g s ,  3 and 4, 
E CONCLUSION 
R a d i o t r a c e r  C o  has  been p l a t e d  from s o l u t i o n  o n t o  evapora t ion  
f i l a m e n t s  from which i t  has  been evaporated o n t o  pol i shed  p i e c e s  of Gap, 
The c o b a l t  h a s  been d i f f u s e d  i n t o  t h e  GaP a t  h igh  temperatures  and t h e  
d iTrus ion  p i -c f i lc  5: heen determined u s i n g  r a d i o a c t i v e  count ing  tech-  
n iques ,  The r e s u l t s  of t h e  d i f f u s i o n  experiments a r e  presented  i n  
F i g s ,  3 and 4 of  t h i s  r e p o r t ,  
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FIGURE CAPTIONS 
Pig .  1 Rate  of p l o t t i n g  Co from t h e  r a d i o t r a c e r  p l a t i n g  s o l u t i o n .  
Fig.  2 The t o t a l  p r e s s u r e  and t h e  c o n t r i b u t i o n s  t o  t h e  p r e s s u r e  from 
p and P i n s i d e  a 0.1 c c  ampoule c o n t a i n i n g  100 pg of phosphorus. 2 4 
0 0 0 
Fig .  3 The r e s u l t s  of 24 hours d i f f u s i o n s  a t  915 C, lOl5 C ,  and 1117 C. 
Fig .  4 The resu l t s  of 7, 24, and 50 hours d i f f u s i o n s  a t  1015 C, 
Pig .  5 The c o b a l t  concen t r a t ion  loop  below t h e  d i f f u s e d  s u r f a c e  a s  
0 
a f u n c t i o n  of temperature ana i n i t i a l  doping. 
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PROJECT 5112: THE PROPERTIES OF RECTIFYING oNNCTIONS I N  GaAs P 
x (1-x) 
Nat iona l  Aeronautics and Space Adminis t ra t ion  
Grant N s  G- 555 
P r o j e c t  Leader: G. L. Pearson, J. L. Moll 
S t a f f :  T. Koike 
The purpose of t h i s  p r o j e c t  i s  t o  s t u d y  t h e  p r o p e r t i e s  of r e c t i f y i n g  
j u n c t i o n s  i n  GaP and GaAs P I t  i s  planned t o  i n v e s t i g a t e  both 
meta l  b a r r i e r s  and p-n junc t ions .  During t h e  p a s t  q u a r t e r  a sulfur-doped 
x (1-x)"  
n-type s i n g l e  c r y s t a l  of GaP was grown by t h e  e p i t a x i a l  method and a l loyed  
p-n j u n c t i o n  d iodes  were prepared. The e l e c t r i c a l  p r o p e r t i e s  of t h e s e  
d i o d e s  were s t u d i e d  over  a wide range  of tempera tures  and t h e  r e s u l t s  a r e  
r e p o r t e d  below. 
I .  CRYSTAL GROWTH 
A sulfur-doped n-type GaP s i n g l e  c r y s t a l  was grown by t h e  open-tube 
1 
method developed a t  t h i s  l abora to ry .  The hydrogen gas  s t r eam was passed 
ove r  s u l f u r  which was maintained a t  a cons t an t  tempera ture  wi th  a ba th  
of b o i l i n g  ace tone  ( b o p .  = 65 C ) .  
t empera tu re  i s  about 4.4 A iG iiiii Ego Thi s value  of vapor p r e s s u r e  
was chosen t o  produce a donor d e n s i t y  i n  t h e  range of 10 c m  A s i n g l e  
0 
The vapor p r e s s u r e  of s u l f u r  a t  t h i s  
-4 1 
16 -3 
c r y s t a l  0.040 i n  t h i c k  was obta ined  by t h i s  method. 
11. RESISTIVITY hlEASURMENTS 
A f t e r  t h e  c r y s t a l  was grown, a smal l  r e c t a n g u l a r  sample was c u t  i n  
o r d e r  t o  make r e s i s t i v i t y  measurements, The sample was po l i shed ,  lapped ,  
and then  etched i n  aqua regia f o r  about 1 min. b e f o r e  a l l o y i n g  t h e  ohmic 
c o n t a c t s .  S e v e r a l  t i n  d o t s  were a l loyed  i n  a Marshall  f u r n a c e  f o r  10 
4 
0 
minutes  a t  500 c with  a hydrogen f l o w  r a t e  of 1 cu.ft./h.r. The sample 
dimensions a r e  shown i n  Fig.  1. 
T h i s  sample was then  t e s t e d  on t h e  d iode  curve  t r a c e r  t o  i n v e s t i g a t e  
t h e  p r o p e r t i e s  of t h e  ohmic c o n t a c t s ;  no r e c t i f i c a t i o n  was observed. The 
donor d e n s i t y  N can b e  c a l c u l a t e d  from t h e  e q u a t i o n  D 
S i n c e  t h e  sample i s  p h o t o s e n s i t i v e ,  t h e  r e s i s t i v i t y  measurements were 
performed i n  t h e  dark.  The r e s i s t i v i t y  of t h e  c r y s t a l  measured 2.1n c m ,  
2 
TJsing Eq. (1) and pI, = 100 c m  /vo l t - sec ,  w e  o b t a i n  a donor d e n s i t y  of 
3 X 10 / c m  a s  expected from t h e  growth parameters ,  
_ _  
16 3 
111. PROPERTIES OF ALLOYED pn JUNCTIONS 
S e v e r a l  a l loyed  pn j u n c t i o n s  w e r e  made from t h e  grown c r y s t a l  by t h e  
fo l lowing  procedure: 
20 m i l s  i n  th ickness ,  2) These smal l  samples were lapped and pol i shed  
w i t h  #1200 a b r a s s i v e ,  and 3) The samples were t h e n  e tched  i n  aqua ~ ~ g i z  
f o r  about 1 min, immediately p r i o r  t o  t h e  a l l o y i n g  process .  
1) The c r y s t a l  was c u t  i n t o  smal l  samples of about 
The a l l o y i n g  process  c o n s i s t s  of two s t e p s .  A t i n  p e l l e t  was f i r s t  
placed on one s i d e  of t h e  sample and a l loyed  i n  t h e  Marshal l  f u r n a c e  
f o r  5 minutes  a t  500 C wi th  a hydrogen flow r a t e  of  1 ‘cu.ft . /hr,  
t h e  sample was q u i c k l y  etched i n  aqua r e g i a  f o r  10 seconds t o  remove 
t h e  s u r f a c e  contaminat ion,  This  was followed by t h e  a l l o y i n g  of a t i n  
(9$) - z i n c  (1%) d o t  on t h e  o t h e r  s i d e  f o r  5 - 10 minutes  under t h e  
0 
Then 
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. 
same a l l o y i n g  cond i t ion .  T h i s  a l l o y i n g  p rocess  a c t u a l l y  inc ludes  t h e  
d i f f u s i o n  of z i n c  i n t o  t h e  n-type GaP t o  make t h e  pn junc t ion .  The 
sample was aga in  e tched  i n  aqua r e g i a  f o r  10 - 20 seconds a f t e r  t h e  a l l o y -  
i n g  p rocess ,  
A .  GENERAL V-I  CURVES 
S e v e r a l  d iodes  were 
t o  check t h e i r  gene ra l  
f i r s t  t e s t e d  by t h e  d iode  cu rve  t r a c e r  i n  o r d e r  
c h a r a c t e r i s t i c s .  W e  found some evidence t h a t  t h e  
r e v e r s e  breakdown v o l t a g e  was r e l a t e d  t o  t h e  a l l o y i n g  t i m e .  The r e s u l t  
of such ev idence  i s  shown i n  Fig. 2 .  The d a t a  were taken  on two d i f f e r e n t  
d iodes ,  f a b r i c a t e d  from t h e  same c r y s t a l .  The a l l o y i n g  times of t h e  
pn j u n c t i o n s  were 10 minutes f o r  Diode A and 5 minutes for Diode B, 
r e s p e c t i v e l y .  Diode A showed a breakdown v o l t a g e  of about 10 v o l t s .  
h 
;1 
A s i m i l a r  r e s u l t  has  been r epor t ed  by Gershenzon and Mikulyak. 
B. CAPACITANCE VS VOLTAGE 
The r e l a t i o n  between t h e  j u n c t i o n  capac i t ance  and t h e  app l i ed  v o l t a g e  
w a s  measured on Diode B. The r e s u l t  is p l o t t e d  i n  Fig.  3. T h i s  r e s u l t  
i n d i c a t e s  t h a t  t h e  d iode  h a s  an abrupt  j unc t ion .  Gershenzon and Iviikuiyak 
and Allen,  et a 1  have repor ted  t h e  obse rva t ion  of an anomalous i n c r e a s e  
i n  capac i t ance  a t  r e v e r s e  vo l t ages  of about 3 v o l t s  i n  some d iodes .  T h i s  
behavior  was not observed i n  Diode Bo 
2 
3 
C.  TEMPERATURE DEPENDENCE OF JUNCTION CHARACTERISTICS 
The V-I  curves  were obtained by t h e  d iode  curve  t r a c e r  a t  t h r e e  
d i f f e r e n t  tempera tures  (300 K, 396 K,  and 504 K ) .  Diode B was mounted 
i n s i d e  a s p e c i a l l y  prepared copper block and hea ted  on a h o t p l a t e .  
0 0 0 
- 3 -  
The tempera ture  was measured w i t h  a platinum-platinum 13 pe rcen t  rhodium 
thermocouple which was a l s o  i n s e r t e d  i n  t h e  copper block. The d iode  
performed p e r f e c t l y  w e l l  up to  50% K (maximum tempera ture  of t h e  ho t -  
p l a t e )  and no damage was found a f t e r  t h e  experiment.  
noted t h a t  t h i s  h e a t  t r ea tmen t  a c t u a l l y  improved t h e  q u a l i t y  of t h e  diode. 
The d iode  V-I  cu rve  was aga in  observed on t h e  o s c i l l o s c o p e  a t  room tempe- 
r a t u r e  a f t e r  t h e  h e a t i n g  cyc le .  I n c r e a s e s  i n  t h e  forward c u r r e n t  and t h e  
r e v e r s e  breakdown v o l t a g e  were observed. These r e s u l t s  a r e  shown i n  
Fig.  4. 
0 
I t  should a l s o  be 
D. DETAILED FORWARD CHARACTERISTICS 
Z i c . 1 ~  R was measured c a r e f u l l y  up t o  4 v o l t s  and a semilog p l o t  of 
t h e  d a t a  i s  shown i n  Fig.  5. I n  t h e  low b i a s  v o l t a g e  range t h e  r e s u i L  
c o n s i s t s  of two d i s t i n c t  s t r a i g h t  l i n e s .  
c u r r e n t  is  g iven  by 
Between 0.25 and 0.6 v o l t s ,  t h e  
T h i s  i s  an anomalous dependence which cannot be expla ined  by t h e  re- 
combination c u r r e n t .  
4 
Between 0.6 and 0.72 v o l t s  t h e  c u r r e n t  i s  i n  t h e  
form 
A t  about 0.75 v o l t s ,  t h e  curve changes t o  ano the r  s l o p e  given by 
- 4 -  
T h i s  curve,  however, is soon affecte!d by  t h e  series r e s i s t a n c e .  A va lue  
of lOlcha is  ob ta ined  from t h e  p l o t  between 1.0 and 1 .4  v o l t s .  T h i s  va lue  
d e c r e a s e s  a s  t h e  app l i ed  vo l t age  is increased .  From t h e  d a t a  between 
2.0 and 4.0 v o l t s  w e  ob ta ined  700 f o r  t h e  series r e s i s t a n c e .  T h i s  
r e s i s t a n c e  is  a c t u a l l y  an o r d e r  of magnitude h i g h e r  t h a n  t h e  bulk re- 
s i s t a n c e  of t h e  junc t ion .  We no t i ced  i n  t h e  r e s i s t i v i t y  measurement 
t h a t  there was no anomalous r e s i s t a n c e  between t h e  bulk and the ohmic 
contacts.,  T h i s  may i n d i c a t e d  t h a t  t h e  anomalous r e s i s t a n c e  exists n e a r  
the  i n j e c t i o n  region. A s i m i l a r  r e s u l t  was observed by Allen,  et a l . .  
They p o s t u l a t e d  an impur i ty  of s u f f i c i e n t  concen t r a t ion .  i n  ~ i i a  JiizztiCn 
33 
i 
r e g i o n  t h a t  i t  could prevent  t h e  quasi-Fermi l e v e l  from r i s i n g .  
I V .  REMARKS 
W e  have measured some e l e c t r i c a l  p r o p e r t i e s  of pn j u n c t i o n s  f a b r i c a t e d  
f r c m  +he same s i n g l e  c r y s t a l .  The r e s u l t s  i n d i c a t e  t h a t  t h e  t i n  ohmic 
c o n t a c t  t o  low r e s i s t i v i t y  n-type GaP is  of good q u a l i t y .  Tne La------ rr1p8.  . 
t u r e  measurement shows promise f o r  even h i g h e r  tempera ture  o p e r a t i o n  i f  
a s u i t a b l e  a l l o y i n g  m a t e r i a l  i s  found. The c a p a c i t a n c e  
showed t h a t  t h e  j u n c t i o n  was abrupt.  I f  w e  compare t h e  
v o l t a g e  w i t h  t h o s e  of s i l i c o n  and germanium, t h e  r e s u l t  
16 3 5 
s i l i c o n  and germanium f o r  N = 3 X 10 / c m  . D 
measurement 
breakdown 
f a l l s  i n  between 
The anomalous behavior  of t h e  V- I  curve  below 0.7 v o l t s  imp l i e s  some 
o t h e r  c o n t r i b u t i o n  i n  a d d i t i o n  t o  t h e  recombination c u r r e n t  desc r ibed  
- 5 -  
4 
by Sah, Noyce, and Shockley. One p o s s i b i l i t y  may be s u r f a c e  c u r r e n t s  
and another  p o s s i b i l i t y  may be forward t u n n e l l i n g  c u r r e n t  through some 
impur i ty  l e v e l  w i t h  a s u f f i c i e n t  concen t r a t ion .  T h i s  p o s t u l a t e  a l s o  
seems t o  be c o n s i s t e n t  w i th  t h e  e x i s t a n c e  of t h e  e x t r a  h igh  series 
r e s i s t a n c e .  F u r t h e r  i n v e s t i g a t i o n  w i l l  be necessa ry  t o  understand t h e s e  
anomalies. 
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FIGURE CAPTIONS 
F ig .  1 Sample dimension f o r  r e s i s t i v i t y  measurements. 
F ig .  2 V-I curves:  
a )  Diode A (Alloyed f o r  10 minutes) .  
b) Diode B (Alloyed f o r  5 minutes) .  
F ig .  3 Capaci tance  vs app l i ed  v o l t a g e  f o r  Dfiode B. The a r e a  is  
Fig .  4 Temperature dependence of V- I  curves  on Diode B. 
0 
a)  1. 300 K 
3 
3. 5 0 4 O K  
-1 -, 
b) Room tempera ture  V-I  curve  a f t e r  hea t ing .  
Fig.  5 Forward V-I c h a r a c t e r i s t i c s  of Diode B. 
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NEW PROJECT 
PROJECT 3114: SEMICONDUCTING PROPERTIES OF GALLIUM PHOSPHIDE 
Na t iona l  Aeronautics and Space Admin i s t r a t ion  
Grant NsG 555 
P r o j e c t  Leader: G.  L.  Pearson  
S t a f f  : J.  W .  A l l e n  
The purpose of t h i s  p r o j e c t  is t o  s tudy  t h e  p r o p e r t i e s  of Gap and 
GaAsxP1-x r e l e v a n t  t o  t h e i r  u se  a s  semiconducting m a t e r i a l s .  
I n  o r d e r  t o  account f o r  t he  c o n c e n t r a t i o n  dependence of t h e  d i f f u s i o n  
of z i n c  i n t o  GaP and GaAs, Chang and Pearson' used a model i n  w h i c h  z i n c  
occur s  e i t h e r  s u b s t i t u t i o n a l l y  or i n t e r s t i t i a l l y .  The s u b s t i t u t i o n a l  
z i n c  atoms can  be n e u t r a l  or ion ized ,  i . e .  t h e  h o l e s  can  be l o c a l i z e d  
a t  t h e  z i n c  sites. On t h e  other 11a11G I;.-.- t n m y r a t u r e  measurements of 
H a l l  e f f e c t 2  show t h a t  a n  impur i ty  band is  formed a t  c o n c e n t r a t i o n s  a s  
low a s  2 . d 7  
i n d i v i d u a l  z i n c  atoms. T h e  o b j e c t i o n  is sometimes r a i s e d  t h a t  t h e  i n t e r -  
p r e t a t i o n  of t h e  d i f f u s i o n  da ta  i s  i n c o n s i s t e n t  w i t h  t h e  e l e c t r i c a l  
measurements. 
i n d i c a t i n g  t h a t  t h e  h o l e s  a r e  not  l o c a l i z e d  on 
The r e s o l u t i o n  of t h e  c o n t r a d i c t i o n  may be found by adap t ing  J o f f e ' s  
i d e a s  concern ing  t h e  e x i s t e n c e  of non- loca l ized  band s t a t e s .  If t h e  
mean f ree  p a t h s  for l a t t i c e  s c a t t e r i n g  is  less than  t h e  mean d i s t a n c e  
between z i n c  atoms, then  there w i l l  be no phase coherence between a d j a c e n t  
i m p u r i t i e s  and t h e  h o l e s  can be l o c a l i z e d .  T h i s  cond i t ion  ho lds  a t  high 
tempera tures ,  a s  i n  d i f f u s i o n .  If t h e  mean f r e e  pa th  f o r  l a t t i c e  s c a t -  
t e r i n g  is  much g r e a t e r  than t h e  d i s t a n c e  between z i n c  atoms, t hen  non- 
l o c a l i z e d  bands can form a t  h igh  enough z i n c  c o n c e n t r a t i o n s .  T h i s  
c o n d i t i o n  ho lds  a t  low tempera tures .  
It  i s  d i f f i c u l t  t o  make these  c r i t e r i a  q u a n t i t a t i v e ,  s i n c e  there a r e  
no measurements r e p o r t e d  on t h e  m o b i l i t y  of ho le s  i n  GaAs or GaP a t  h i g h  
tempera tures .  By e x t r a p o l a t i n g  da ta  ob ta ined  below room t empera ture ,  
w e  f i n d  t h a t  f o r  a n  impur i ty  c o n c e n t r a t i o n  of 1019 cm-3 t h e  l a t t i c e  mean 
f r e e  p a t h  e q u a l s  t h e  mean impurity spac ing  a t  about 600°K i n  GaAs, 
appea r s  t h a t  a t  a l l  d i f f u s i o n  tempera tures  used i n  t h e  p r e p a r a t i o n  of 
pn j u n c t i o n s  t h e  assumption of Chang and Pearson of t h e  e x i s t e n c e  of 
ion ized  and n e u t r a l  z i n c  is  j u s t i f i e d .  A t  low tempera tures ,  for i n s t a n c e  
i n  room t empera ture  p r e c i p i t a t i o n ,  o t h e r  c o n d i t i o n s  may apply .  
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